Introduction
Blood vessels are one of the most quiescent tissues in the adult, but have the capacity for new vessel growth under certain conditions. A switch to the actively angiogenic phenotype is dependent upon the local balance between angiogenic factors and inhibitors (1) . Angiogenic factors include VEGF and its family members FGF-2 and HGF, and inflammatory cytokines such as TNF-α and IL-8 (2) . VEGF is the principal angiogenic factor. It is induced by hypoxia and stimulates the migration and proliferation of endothelial cells (ECs) (3) . A number of angiogenesis inhibitors have also been identified. Thrombospondin-1 (TSP-1) is a large molecular multidomain glycoprotein whose expression is regulated by tumor suppressor p53 (4, 5) . Pigment epithelium-derived factor (PEDF), a member of the serpin superfamily, which lacks inhibitory activity against either serine or cysteine proteinases, possesses antiangiogenic as well as neurotropic activities (6, 7) . Sixteen-kDa prolactin (8) , angiostatin (9) , and endostatin (10) are proteolytic fragments originating from proteins without any antiangiogenic activities themselves. Several chemokines, such as growth-related oncogene-β (11), IFN-γ-inducible protein-10 (12), and platelet factor-4 (13), also exhibit antiangiogenic activity. Although angiopoietin-1 and angiopoietin-2 can be classified as either angiogenic factors or angiogenesis inhibitors, the main function of angiopoietins is to regulate mural cell attachment for vascular stabilization (14) .
Negative feedback regulation is one of the most important physiological mechanisms with which bodies are endowed, and has been demonstrated to control a wide range of phenomena (15) . However, no such regulators have been established for the regulation of angiogenesis to date. TSP-1 is thought to act as a barrier for angiogenesis (16) . PEDF has recently been recognized as an angiogenesis inhibitor in specific organs such as the prostate and pancreas (17) . Although angiostatin and endostatin inhibit tumor angiogenesis and exhibit antitumor activity (18) , their physiological roles in the regulation of angiogenesis remain to be established. Inflammation does not associate with physiological angiogenesis, and thus it is unclear whether antiangiogenic chemokines play a physiological role in angiogenesis.
We hypothesized that angiogenic factors might induce bioreactive substances, including feedback regulators of angiogenesis in ECs. We therefore examined the VEGF-inducible genes in ECs. Here we characterize one such gene (KIAA1036, preferentially expressed in ECs and its effect selective to ECs, and therefore designated "vasohibin"), whose function was previously undetermined. Our results suggest that the gene product inhibits angiogenesis and functions as an endothelium-derived negative feedback regulator of angiogenesis.
Results
We searched for VEGF-inducible genes in ECs by cDNA microarray analysis (19) . Among 7,267 human sequences, 97 were induced more than twofold by VEGF stimulation in human umbilical vein ECs (HUVECs) at the 24-hour time point. Of these 97 sequences, 11 were novel or uncharacterized in terms of their biological function. Here we focused on one such sequence, AF055021. An expressed sequence tag-clustered database, AssEST, indicated that AF055021 encodes the 3′ untranslated region (UTR) of KIAA1036 cDNA (GenBank accession number AB028959). The KIAA1036 gene localizes in chromosome 14 and includes a 5′-UTR of 385
bp, an open reading frame of 1,098 bp, and a 3′-UTR of 3,998 bp. Based on the sequence of the human KIAA1036 gene, we cloned a mouse counterpart of KIAA1036 cDNA. The deduced amino acid sequences of the human and mouse KIAA1036 proteins are shown in Figure 1A . A cluster of basic amino acids was present in the C-terminus region, but neither a classical secretion signal sequence nor any other functional motif was found among these amino acid sequences during the database search.
Using the coding region of the KIAA1036 gene as a probe, we performed Northern blotting. We observed a single band of KIAA1036 mRNA to be induced in HUVECs by VEGF stimulation ( Figure  1B ). Quantitative RT-PCR revealed that the effect of VEGF on the induction of KIAA1036 was concentration-dependent ( Figure  1C ). The induction of KIAA1036 mRNA by VEGF stimulation was observable in ECs isolated from different sites, such as human aortic ECs (HAECs) and human dermal microvascular ECs (HMVECs) (data not shown). We prepared an mAb against KIAA1036 peptide. Western blotting confirmed that our anti-KIAA1036 mAb specifically recognized human KIAA1036 protein ( Figure 1D , lane 1 and lane 2). Our anti-KIAA1036 mAb did not crossreact with bovine KIAA1036 protein upon Western blotting (data not shown). VEGF increased the synthesis of KIAA1036 protein (42 kDa) in HUVECs in a time-dependent manner ( Figure 1D , lanes 3-6). We were also able to show the presence of the KIAA1036 protein in the culture medium of HUVECs, suggesting that the protein was secreted (Figure 1D, lane 8) . The apparent lower molecular weight of vasohibin in the medium (30 kDa, asterisk) may indicate a cleaving process during secretion. Using calnexin as a marker of ER, we clarified the intracellular localization of KIAA1036 protein in HUVECs. It appeared that KIAA1036 protein did not correlate with ER ( Figure  1E ). This evidence together with the lack of classical signal sequence suggests that KIAA1036 is an unconventional secretory protein. We next prepared recombinant KIAA1036 protein to examine whether the KIAA1036 protein exhibited any biological effects. Our preparation of KIAA1036 protein is shown in Figure 2A . HUVECs spontaneously form network-like structures when plated on Matrigel. When the recombinant KIAA1036 protein was added to the medium, the protein inhibited this network formation ( Figure 2B ). This result suggests that KIAA1036 protein has antiangiogenic activity. Interestingly, the expression of endogenous KIAA1036 in HUVECs was found to be downregulated when Matrigel-plated HUVECs formed these network-like structures ( Figure 2C ). It was then further examined by 3 independent assays whether KIAA1036 exhibited antiangiogenic activities in vivo. Matrigel was mixed with VEGF and/or KIAA1036 protein and injected subcutaneously into mice. Seven days later, the Matrigel was removed, fixed, and sectioned for histological analysis. It was revealed that KIAA1036 had inhibited VEGFstimulated new vessel formation in Matrigel ( Figure 2D) . A mouse corneal micropocket assay was performed as described in Methods. KIAA1036 protein apparently inhibited FGF-2-stimulated angiogenesis in mouse cornea ( Figure 2E ). We introduced the KIAA1036 gene into a replication-defective adenovirus vector and used it in a chicken chorioallantoic membrane (CAM) assay. The adenovirus vector encoding KIAA1036 (AdKIAA) abrogated vessel formation whereas the control adenovirus vector encoding β-gal (AdLacZ) did not ( Figure 2F ). These 3 independent assays confirm the antiangiogenic activity of KIAA1036 protein. We used the same protein in Matrigel implantation and the corneal micropocket assay. However, the inhibition seen in the Matrigel (E) Mouse corneal micropocket assay was performed as described in Methods. Arrows indicate the site where pellets were implanted. Neovascular area (mm 2 ) was determined using NIH Image. Values are expressed as mean ± SD of 5 eyes. (F) CAM assay using adenovirus vectors was performed as described in Methods. The nylon mesh containing adenovirus/Matrigel mixture was placed on the peripheral zone of the CAM, where vascular structure would not appear (left panels). Four days after adenovirus infection, vascular formation was evaluated by macroscopic observation (right). Arrowheads indicate the site where the nylon mesh was placed. *P < 0.05, **P < 0.01. implantation analysis was not remarkable compared with that in the corneal micropocket assay. Although the reason for this difference is obscure at present, one possible explanation is that Matrigel contains substances that interact with KIAA1036 protein and interfere with its effects.
The effects of KIAA1036 protein on the angiogenesis-related properties of ECs were further investigated. KIAA1036 protein inhibited VEGF-or FGF-2-stimulated migration ( Figure 3A) as well as DNA synthesis in HUVECs (data not shown). In contrast, KIAA1036 protein did not inhibit PDGF-stimulated migration of human aortic SMCs (HASMCs) or FGF-2-stimulated migration of human fibroblasts ( Figure 3B ). Thus, the inhibitory effect of KIAA1036 protein is selective to ECs. Since KIAA1036 was induced in ECs by VEGF stimulation, we hypothesized that endogenous vasohibin might be involved in negative feedback regulation. The examination of this hypothesis proceeded as follows. The dose-response curve for the effect of VEGF on the migration of ECs exhibits a bell-shaped pattern (20) . Our present study revealed that the effect of VEGF on migration peaked at 0.25 nM; higher concentrations elicited less stimulation ( Figure 3C ). To determine whether the loss of responsiveness to higher concentrations of VEGF is mediated by VEGFinduced expression of endogenous KIAA1036, we generated an antisense oligodeoxynucleotide (AS-ODN) that specifically inhibited the VEGFstimulated KIAA1036 protein synthesis. Neither control sense ODN (S-ODN) nor scrambled ODN (Scr-ODN) impacted this effect of VEGF ( Figure 3D ). We then applied ODNs to cell migration analysis. As shown in Figure 3E , AS-ODNs, but not S-ODNs or Scr-ODNs, abrogated the decrease in cell migration at 1.0 nM VEGF and shifted the dose-response curve to the right. As VEGF induced KIAA1036 mRNA in a concentration-dependent manner ( Figure 1C ), this data suggests that the induced vasohibin inhibited the effect of higher-concentration VEGF as a negative feedback regulator.
The expression profile of KIAA1036 was examined in more detail. HASMCs expressed KIAA1036 weakly, and PDGF modestly increased its expression ( Figure 4A ). Although fibroblasts did express KIAA1036, the level of expression was very low and was unresponsive to the FGF-2 stimulation ( Figure 4A ). KIAA1036 expression was not observed in keratinocytes under either basal or EGF-stimulated conditions ( Figure  4A ). The expression of KIAA1036 in various organs in vivo was examined. Northern blotting revealed that KIAA1036 was predominantly expressed in the brain and placenta, and to a lesser extent in the heart and kidney ( Figure 4B ). The placenta is a site at which active vascular remodeling takes place. Immunohistochemical analysis revealed that KIAA1036 was present selectively in the endothelial layer of the human placenta (Figure 4C ). KIAA1036 was also present selectively in the endothelial layer of the human brain (data not shown). Since KIAA1036 is preferentially expressed in ECs and its effect is selective to ECs, we designated KIAA1036 vasohibin. A robust expression of vasohibin was demonstrated in the developing organs of the human embryo, suggesting a role for this molecule in development ( Figure 4D ).
We characterized the regulation of vasohibin expression in ECs. FGF-2 induced the expression of vasohibin to a level comparable to that obtained with VEGF ( Figure 5A ). Placenta growth factor (PlGF) and HGF induced the expression to a lesser extent. Neither Thereafter, HUVECs were subjected to the migration assay described above. Values are expressed as mean ± SD of 4 samples. *P < 0.05, **P < 0.01.
angiopoietin-1 nor angiopoietin-2 affected the expression of vasohibin (data not shown). TNF-α alone did not significantly affect the expression of vasohibin ( Figure 5 , A and B), but did inhibit the VEGF-stimulated vasohibin mRNA expression and protein synthesis in ECs ( Figure 5B ). Hypoxia is known to act as a trigger of both physiological and pathological angiogenesis by inducing VEGF (21, 22) . Hypoxia did not affect the expression of vasohibin (Figure 5C ). However, hypoxia did inhibit VEGF-stimulated vasohibin mRNA expression, as well as vasohibin protein synthesis in ECs ( Figure 5C ). We next examined whether vasohibin affected VEGFmediated signaling. HUVECs infected with AdLacZ or AdKIAA were stimulated with VEGF. Infection with AdKIAA did not affect VEGF-mediated tyrosine phosphorylation of kinase insert domain receptor (KDR), a type 2 VEGF receptor, or activation of extracellular signal-regulated kinase-1/2 (ERK1/2) ( Figure 5D ). Treatment of HUVECs with recombinant vasohibin protein also did not affect VEGF-mediated tyrosine phosphorylation of KDR (data not shown).
Tumors are generally associated with hypoxia and the infiltration of inflammatory cells (22, 23) . Thus, it is reasonable to hypothesize that this negative feedback system might not operate efficiently in tumors. It was therefore assumed that exogenous vasohibin would affect tumor growth and tumor angiogenesis, and we undertook experiments to determine if this were so. We transfected human vasohibin cDNA into Lewis lung carcinoma (LLC) cells, established permanent transfectants, and further isolated 2 vasohibinproducing clones, clone 16 and clone 19 ( Figure 6A ). Vasohibin cDNA transfection did not alter the proliferation of LLC cells in vitro ( Figure 6B) . To show the effect of vasohibin produced by LLC cells, we used a modified Boyden chamber. Mock-or vasohibintransfected LLC cells were plated in the lower chamber of the Transwell insert, and the migration of HUVECs from the upper chamber toward LLC cells in the lower chamber was analyzed. As shown in Figure 6C , the number of migrated HUVECs was significantly reduced when vasohibin-transfected LLC cells were plated in the lower chamber. We then inoculated mice intradermally with LLC cells, and tumor growth was observed. As shown in Figure  6D , tumor growth in vasohibin-producing clone 16 and clone 19 in mice was significantly retarded. Immunohistological analysis of CD31 was performed to evaluate the extent of tumor angiogenesis. It was revealed that tumors of mock transfectants contained large luminal vessels, whereas those of clone 16 and clone 19 contained very small ones, even when tumor size did not differ greatly on day 8 ( Figure 6E ). Quantitative analysis of vascular luminal space revealed that the vascular area within tumors was significantly decreased in clone 16 and clone 19 ( Figure 6F ).
Discussion
Here we isolated a novel angiogenesis inhibitor from VEGFinducible transcripts in HUVECs and designated it vasohibin. The noteworthy characteristics of vasohibin are as follows. It is selectively expressed in ECs; its expression is induced by representative angiogenic growth factors such as VEGF and FGF-2; it inhibits migration, proliferation, and tube formation by ECs in vitro and angiogenesis in vivo; the inhibitory effect of vasohibin is selective to ECs; and the specific downregulation of vasohibin expression modulates the dose-response curve of ECs to VEGF. Although a number of angiogenesis inhibitors have been reported to date, to the best of our knowledge, none has been reported to be selectively expressed in ECs and inducible by angiogenic factors. A bell-shaped concentration-dependent curve of the chemotactic cell migration can be explained as follows: when a higher concentration of a factor in the lower chamber of the Transwell insert is added, the diffusion across the filter may increase. Therefore, the concentration gradient between the lower and upper chambers becomes smaller. However, when the expression of vasohibin was downregulated by AS-ODN, the concentration curve shifted to the right. This result may suggest vasohibin as a candidate regulator of angiogenesis acting through endothelium-derived negative feedback.
The deduced amino acid sequences of vasohibin revealed that the N-terminal region was variable between human and mouse, but the entire amino acid sequence was highly conserved (about 94% identical). This may indicate the physiological importance of this molecule. A cluster of basic amino acids was found in the C-terminus region, but neither a classical secretion signal sequence nor any other functional motif was found among these amino acid sequences. The size of the protein in cell extracts evaluated by Western blotting corresponded well to the molecular weight estimated from the deduced amino acid sequence, indicating that this protein is not glycosylated. Moreover, since vasohibin does not contain a classical signal sequence, the mode of its secretion is thought to be unconventional. Indeed, vasohibin did not colocalize with ER ( Figure 1E ). The process of unconventional protein secretion, also known as ER/ Golgi-independent protein secretion, has recently been acknowledged. The molecular mechanisms and the molecular identities of the mechanistic components mediating this process are diverse. The apparently smaller molecular weight of vasohibin in the medium indicates that there might be a cleaving process required for the secretion. Proteolytic processing in unconventional protein secretion has been shown for 2 isoforms of IL-1, namely IL-1α and IL-1β. The processing of IL-1α involves myristoylation, insertion into the plasma membrane, and calpain-dependent cleavage (24, 25) . IL-converting enzyme processes the precursor form of IL-1β (26) . It remains elusive whether the processing of vasohibin is analogous to either of the IL-1 isoforms.
The mechanism by which vasohibin expresses its effect on ECs is not known at the moment. Recombinant vasohibin protein inhibited VEGFstimulated and FGF-2-stimulated angiogenesis. Moreover, tumor angiogenesis was inhibited when LLC cells were transfected with vasohibin gene. These results indicate that vasohibin can act on ECs from outside. Although vasohibin inhibited FGF-2-stimulated migration of HUVECs, it did not inhibit FGF-2-stimulated migration of human fibroblasts. Moreover, vasohibin did not affect the tyrosine phosphorylation of KDR or the activation of ERK1/2 when HUVECs were stimulated with VEGF. These results indicate that vasohibin does not act merely as an antagonist of growth factors. Further study is being conducted to elucidate whether or not vasohibin exhibits its effect through a specific vasohibin receptor.
Angiogenesis is involved in various physiological processes. A recent report on PEDF knockout mice indicates that PEDF regulates postnatal angiogenesis of specific hormone-sensitive organs such as the prostate and the pancreas (17) . Angiogenesis is also required for embryonic development. However, the physiological function of angiogenesis inhibitors in embryonic development is largely unknown. Here we showed that vasohibin was expressed in ECs of placenta, where active vascular remodeling took place. Moreover, the robust expression of vasohibin was shown in developing organs in human embryo as well. These results may suggest that vasohibin acts as a physiological regulator of vascular development in the embryo.
Another important issue is the significance of angiogenesis inhibitors in pathological angiogenesis. Hypoxia and the inflammatory cytokine TNF-α inhibited VEGF-stimulated induction of vasohibin in ECs. Regarding hypoxia, we analyzed about 5 kb upstream of the 5′ flanking region of the vasohibin gene, but we did not find any consensus sequences of hypoxiaresponsive elements. Nevertheless, it is well known that tumors are associated with hypoxia as well as the infiltration of inflammatory cells (22, 23) . Therefore, this negative feedback system may not operate efficiently in tumors. We hypothesized that supplemental vasohibin would be valuable in such conditions. Here we showed that transfection of vasohibin cDNA to tumor cells inhibited tumor growth and tumor angiogenesis very efficiently. These results suggest that exogenous vasohibin gene transfection or vasohibin protein administration might be powerful tools for the treatment of tumor angiogenesis.
In conclusion, we have isolated and characterized a novel endothelium-derived angiogenesis inhibitor, vasohibin. Our data indicate that vasohibin is the first candidate negative feedback regulator of angiogenesis. We believe that our present study will guide us to a novel research field of angiogenesis and vascular development. Cells and cell culture. HUVECs, HAECs, HMVECs, HASMCs, human fibroblasts, and human keratinocytes were obtained from Kurabo Industries Ltd. HUVECs, HAECs, and HMVECs were routinely cultured on type I collagen-coated Iwaki dishes (Asahi Techno Glass) in EBM containing EC growth supplements and 10% FBS. HASMCs were cultured in HuMedia SG2 with growth supplement for SMCs (Kurabo Industries Ltd.), human fibroblasts in 106S medium with low-serum growth supplement (Kurabo Industries Ltd.), and human keratinocytes in HuMedia KG2 with growth supplement for keratinocytes (Kurabo Industries Ltd.). Chemically transformed bovine ECs, GM7373 cells, were obtained from American Type Culture Collection and were grown in DMEM and 10% FBS.
For the hypoxia experiment, HUVECs were placed in a hypoxia chamber (Bellco Glass Inc.) containing 0% O2, 5% CO2, and 95% N2. The chamber was maintained at 37°C (27) .
Preparation of anti-KIAA1036 mAb. A/J mice (Japan SLC Inc.) were immunized 3 times with Cys-KIAA1036 peptide (Gly286-Arg299 of KIAA1036 Total vascular area per field was determined using NIH Image and compared. Values are expressed as mean ± SD of 6 random fields. *P < 0.05; **P < 0.01. protein) and keyhole limpet hemocyanin conjugate. Spleen cells from the immunized mice were fused with myeloma cells (P3U1) by the method described previously (28) . The culture supernatant of each hybridoma was screened as follows. Microplates (module plate F8, Nalge Nunc International) were coated with goat anti-mouse IgG. Hybridoma supernatants and a mixture of the biotinylated KIAA1036 protein and europium-labeled streptavidin were added to the wells and incubated at room temperature for 2 hours or at 4°C overnight. After the wells were washed 3 times with saline containing 0.01% Tween 20 and 0.02% NaN3, 100 μl DELFIA Enhancement Solution (PerkinElmer Life Sciences -Wallac Oy) was added to each well and mixed for 5 minutes. Then the time-resolved fluorescence at 615 nm was measured in each well. Positive hybridomas were cloned by a limiting dilution technique. The resulting mAb (IgG2a, subclass κ) was purified from ascites by protein A-agarose affinity chromatography (MAPS II kit, Bio-Rad Laboratories Inc.).
Northern blot analysis. Northern blotting was performed as described (29) . Briefly, cells were starved in 0.1% FBS/α-MEM for 12 hours, and then stimulated with a growth factor or a cytokine for the indicated period. Total RNA was extracted by ISOGEN according to the manufacturer's instructions and was separated on a 1% agarose gel containing 2. Western blot analysis. Cells were lysed with modified RIPA buffer (2 mM sodium orthovanadate, 50 mM NaF, 20 mM HEPES, 150 mM NaCl, 1.5 mM MgCl2, 5 mM sodium pyrophosphate, 10% glycerol, 0.2% Triton X-100, 5 mM EDTA, 1 mM PMSF, 10 μg/ml leupeptin, and 10 μg/ml aprotinin) as previously described (30) . Cell extract was then separated by SDS-PAGE on a 10% separating gel and transferred to nitrocellulose membranes. The membranes were blocked for 1 hour at room temperature with Tris-buffered saline (TBS, pH 7.6) containing 5% skim milk, and then incubated for 1 hour at room temperature in TBS containing 0.05% Tween 20 (T-TBS), 2.5% skim milk, and 1 μg/ml HRP-conjugated anti-KIAA1036 mAb. After the filters were washed 3 times with T-TBS, blots were detected using an enhanced chemiluminescence method, the ECL Western blotting detection kit from Amersham Biosciences. The results were visualized using an LAS-1000 (Fuji Photo Film Co.).
Immunoprecipitation and Western blotting for secreted KIAA1036/vasohibin. Subconfluent HUVECs were cultured for 3 days in EBM containing EC growth supplements and 10% FBS. The medium was collected and concentrated with an Amicon Ultra-4 (10,000 MWCO; Millipore Corp.). Centrifugation at 2,300 g for 20 minutes resulted in 15-fold increased concentration. Five hundred microliters of concentrated medium was incubated with 2 μg of anti-KIAA1036 mAb overnight at 4°C. Twenty microliters of protein A Sepharose was added, followed by agitation for 2 hours. Western blotting of the immunoprecipitated protein was carried out as described above.
Quantitative RT-PCR. HUVECs were preincubated in 0.1% FBS/α-MEM for 12 hours, and then stimulated with the indicated concentrations of VEGF for 24 hours. Total RNA was extracted by ISOGEN according to the manufacturer's instructions. First-strand cDNA was generated using a first-strand cDNA synthesis kit for RT-PCR (Roche Diagnostics Corp.). Quantitative RT-PCR was performed with a LightCycler system (Roche Diagnostics Corp.) according to the manufacturer's instructions. The amount of PCR product was measured as a fluorescence signal proportional to the amount of the specific target sequence present. The sense and antisense primer pairs used were: KIAA1036 (vasohibin), 5′-AGATCCCCATACCGAGTGTG-3′ and 5′-GGGCCTCTTTGGTCATTTCC-3′; and β-actin, 5′-ACAATGAGGTGCGTGTGGCT-3′ and 5′-TCTCCTTA-ATGTCACGCACGA-3′, respectively.
Immunofluorescence staining of ER and KIAA1036 in HUVECs. HUVECs were fixed with methanol at -20°C and permeabilized with 0.1% NP-40 in PBS. Nonspecific binding sites were blocked with 1% BSA and 1.5% goat serum in PBS. ER was detected by indirect immunofluorescence using anti-calnexin Ab (Santa Cruz Biotechnology Inc.) and rhodamine-conjugated anti-rabbit IgG Ab (Chemicon International Inc.). KIAA1036 was detected using anti-KIAA1036 mAb and FITC-conjugated goat anti-mouse IgG Ab (Jackson ImmunoResearch Laboratories). The cells were observed by confocal microscopy (LSM 5 PASCAL, Carl Zeiss Jena GmbH).
Preparation of KIAA1036 protein.
Original full-length KIAA1036 cDNA (clone FH01447) was obtained from the Kazusa DNA Research Institute. Using this cDNA as a template, a cDNA fragment corresponding to the entire open reading frame was amplified with the oligonucleotide primers 5′-CCGCGGCCGCCGAAGATTTAGGGATGCCAG-3′ and 5′-CATCTA-GATCCGACCCGGATCTGGTACC-3′ by PCR, adding a NotI site at the 5′ end, an XbaI site at the 3′ end, and the termination codon substituted with a glycine codon. This fragment was cloned into the NotI and XbaI sites in expression vector p3xFLAG-CMV-14 (Sigma-Aldrich) to generate pFLAG14-KIAA1036, in which KIAA1036 cDNA was connected to a triple repeat of the FLAG tag sequence at the 3′ end. The DNA fragment containing the KIAA1036 cDNA joined with 3xFLAG was then cut off at the NotI and Eam1105I sites (followed by substitution of the XhoI site) of pFLAG14-KIAA1036 and cloned into the NotI and XhoI sites of vector pFastBac1 (Invitrogen Corp.). Using this plasmid, pFastBac1-KIAA1036, the KIAA1036 protein connected to the FLAG tag at the C-terminus was expressed in a Bac-to-Bac baculovirus expression system (Invitrogen Corp.) according to the manufacturer's instructions. Transfected Sf9 cells were cultivated as a source of recombinant baculovirus and the conditioned medium was substantially infected with freshly cultured Sf9 cells. After a 96-hour incubation at 28°C, transfected Sf9 cells were harvested and suspended in 50 mM Tris-HCl (pH 7.4), 0.15 M NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.1 mM amidinophenyl methanesulfonyl fluoride hydrochloride, and 0.1% NP-40, then sonicated. After centrifugation, the soluble fraction was collected and applied to an anti-FLAG M2 affinity column (Sigma-Aldrich). After washing with TBS (pH 7.4) and 0.1% NP-40, the KIAA1036 protein was eluted from the column with 100 mM glycineHCl (pH 3.5) and 0.1% NP-40 and neutralized with 1 M Tris-HCl (pH 8.0).
Network formation by HUVECs. Ice-cold growth factor-reduced Matrigel was poured into a 35-mm dish and allowed to gel for 1 hour at 37°C. Thereafter, HUVECs (5 × 10 4 ) were plated onto Matrigel and incubated with the KIAA1036 protein (10 nM) or vehicle (20 mM Tris/HCl, 0.1% NP-40, and 0.1 M glycine, pH 7.0) in M199 containing 5% FBS. After a 9-hour incubation, cells were photographed.
Matrigel implantation assay. All the animal studies were reviewed and approved by the committee for animal study at our institute in accord with established standards of humane handling. The Matrigel implantation assay was performed as described previously (31) . Briefly, 200 μl of growth factor-reduced Matrigel containing VEGF (100 ng/ml) plus heparin (32 U/ ml) and/or KIAA1036/vasohibin (10 nM) in liquid form at 4°C was injected into the abdominal subcutaneous tissue of the midperitoneal region of each mouse. On day 7 after injection, the mice were sacrificed and gels were recovered. The gels were fixed in 4% paraformaldehyde in PBS and embedded in paraffin. Three micrometer sections of the gels were subjected to histological analysis. Immunohistochemical analysis revealed that almost all of the cells that had entered the Matrigel were ECs (31). The vessel number per low-power field in 3 different fields was counted for each sample.
Mouse corneal micropocket assay. All the animal studies were reviewed and approved by the committee for animal study in our institute in accord with established standards of humane handling. The mouse corneal micropocket assay and quantification of corneal neovascularization was performed according to the method described by Ogawa et al. (32) . Briefly, 0.3 μl of Hydron pellets (IFN Sciences) containing FGF-2 (80 ng) with or without KIAA1036 protein (4 ng) was implanted in the corneas of BALB/c mice (Charles River Japan). Seven days after the implantation, animals were sacrificed and the corneal vessels were photographed. Quantification of neovascularization in cornea was performed using NIH Image software.
Adenovirus vector. A replication-defective adenovirus vector encoding KIAA1036 (AdKIAA) was prepared according to the method described previously (33) . A replication-defective adenovirus vector encoding the β-gal gene (AdLacZ) was used to control for the nonspecific effects of viral infection (33) . Plaque-purified adenoviruses were propagated in HEK 293 cells. The viral lysates were purified and concentrated through 2 cycles of CsCl step gradients.
CAM assay. A CAM assay using adenovirus vectors was performed as described by Schughart and Accart (34) with some modification. On day 0, the incubation of fertilized chick eggs was started in a humidified chamber at 37°C. On day 2, a window was cut into each eggshell and the underlying membrane, and 1.5 ml of the white was aspirated from each egg with an 18-gauge needle. The eggs were incubated again for 4 hours with the windows sealed. Adenovirus vector (AdLacZ or AdKIAA) was mixed with growth factor-reduced Matrigel on ice and 10 μl of the mixture was placed on a sterilized 3 mm × 3 mm nylon mesh (pore size 300 μm) (Sefar Nitex 03-300/51; Sefar Inc.). The adenovirus/Matrigel mixture on the mesh was then placed on a piece of Parafilm and incubated in a humidified chamber at 37°C for 30 minutes to allow gel formation. The nylon mesh support containing the adenovirus/Matrigel mixture (1 × 10 8 PFU/CAM) was placed onto the CAM, where no vascular structure was yet visible. A quarter piece of a sterilized plastic (Thermanox) cover slip (13 mm diameter; Nalge Nunc International) was put on top of the mixture to avoid drying the gel and the eggs were incubated for another 2 days. On day 4, vascular formation was evaluated by macroscopic observation and photographs were taken at ×8.0 magnification (Leica MZ FLIII, Leica Microsystems).
Cell migration. The indicated concentrations of growth factors and/or the KIAA1036 protein in M199 containing 5% FBS were placed in the lower chamber of Transwell inserts with 6.5-μm pores. HUVECs (5 × 10 4 ) in M199 containing 5% FBS were plated in the upper chamber (Corning-Costar Corp.) and allowed to migrate for 4 hours at 37°C. The number of cells that migrated across the filter was counted in 4 high-power (×200) fields per insert. The concentrations of growth factors were chosen to obtain maximum effect.
BrdU uptake. HUVECs (3 × 10 3 ) were plated in a 96-well type I collagen-coated plate and incubated in EBM containing 10% FBS for 24 hours. Thereafter, HUVECs were incubated in M199 containing 5% FBS for 24 hours, and then stimulated with the indicated concentrations of growth factors and/or KIAA1036 protein for 12 hours. BrdU uptake was analyzed by Cell Proliferation ELISA (Roche Diagnostics Corp.) according to the manufacturer's protocol. The concentrations of growth factors were chosen to obtain maximum effect.
ODN treatment. HUVECs were rinsed with Opti-MEM and incubated for 4 hours with 500 nM synthetic phosphorothioate ODNs in Oligofectamine containing Opti-MEM. Thereafter, HUVECs were harvested and resuspended in M199 containing 5% FBS with or without VEGF (50 ng/ml), and the Transwell migration assay was carried out as described above. The sequences of ODNs were: AS-ODN, 5′-CCCCCTGGCATCCCTAAATC-3′ (which is complementary to the mRNA region in KIAA1036); S-ODN, 5′-GATTTAGGGATGCCAGGGGG-3′; and Scr-ODN, 5′-ATCCTGCCCG-CAACCTCATC-3′, comprising all the bp's of the antisense codons in random order. AS-ODN was not homologous to any genes checked against the reported DNA sequences present in the BLAST program.
Immunohistochemical analysis of human placenta. Mouse anti-human CD31 mAb, anti-KIAA1036 mAb, or mouse IgG was used as the primary Ab. These were diluted 300-to 600-fold with PBS containing 1% BSA. The secondary Ab was biotin-conjugated anti-rabbit Ab diluted 300-fold with the same diluent. Each reaction was conducted for 60 minutes at room temperature. Coupling of streptavidin to biotin using an ABC kit (Vector Laboratories Inc.) was performed for 45 minutes at room temperature. Immunocomplexes were visualized with 3,3′-diamidobenzidine tetrahydrochloride tablet sets (Sigma-Aldrich).
Tyrosine phosphorylation of KDR and activation of ERK1/2. HUVECs were infected with AdLacZ or AdKIAA at an MOI of 100, and then subjected to the following procedure. For tyrosine phosphorylation of KDR, HUVECs were incubated with VEGF (10 ng/ml) for 5 minutes. Samples were then prepared as described in Western blot analysis and incubated with antifetal liver kinase-1 (anti-Flk-1)/KDR Ab (Santa Cruz Biotechnology Inc.) and protein A Sepharose overnight at 4°C. The immunoprecipitates were washed 4 times in modified RIPA buffer, boiled for 5 minutes in reducing buffer, and subjected to SDS-PAGE. Western blotting was then performed using PY20 Ab (Santa Cruz Biotechnology Inc.) or anti-Flk-1/KDR Ab as primary Ab. For the activation of ERK1/2, HUVECs were incubated with VEGF (10 ng/ml) for 15 minutes. Samples were then prepared, and Western blotting was performed using anti-phospho-ERK1/2 (Cell Signaling Technology) as a primary Ab.
Establishment of permanent vasohibin gene transfectants. LLC cells were obtained from the National Cancer Institute. LLC cells or GM7373 cells were transfected with p3xFLAG-CMV-14 alone or pFLAG14-KIAA1036 with FuGENE6 reagent. After a 48-hour incubation, 1 mg/ml G418 was added to the medium to select for stable transfectants. After several passages, more than 100 G418-resistant colonies were combined and defined as bulk transfectants. Thereafter, transfected LLC cells were subjected to clonal selection in the presence of G418. After several weeks, colonies formed on the culture dish. Twenty-four of these colonies were picked up and expanded. Of these colonies, we selected 2 clones (clone 16 and clone 19) that stably expressed a fair amount of KIAA1036 protein.
Tumor growth and tumor angiogenesis in vivo. All the animal studies were reviewed and approved by the committee for animal study at our institute in accord with established standards of humane handling. Experiments consisted of 10 mice per group. Female BDF1 mice, 6-7 weeks old (Japan SLC Inc.), were inoculated intradermally with 5 × 10 5 transfected LLC cells. Tumor size was evaluated periodically. At day 8 and day 12, 2 animals were sacrificed, and paraffin sections were prepared from the excised tumors. Tissue sections were examined with rat anti-mouse CD31 Ab at a dilution of 1:25, and labeling was visualized with a DAKO LSAB+/HRP kit (DakoCytomation) with 3,3′-diaminobenzidine tetrahydrochloride. Sections were counterstained with hematoxylin. Alternatively, tissue sections were pretreated with 0.4 mg/ml proteinase K in 0.05 Tris-HCl buffer (pH 7.6) for 15 minutes. Endogenous peroxidase was quenched with 3% H2O2 for 5 minutes. Sections were blocked for 10 minutes with Non-Specific Staining Blocking Reagent (DakoCytomation). The blocking reagent was removed and the tissue was exposed to the primary Ab overnight at 4°C. The next day, the tissue was washed with TBS (pH 7.6) and exposed to the secondary Ab, rabbit anti-rat IgG/biotin (DakoCytomation) at a dilution of 1:400 for 30 minutes. Labeling was visualized using a streptavidin-Cy3 conjugate (Sigma-Aldrich) at a dilution of 1:100. The vascular lumen was traced and vascular luminal area was analyzed with NIH Image.
Calculations and statistical analysis. The statistical significance of differences in the data was evaluated by unpaired ANOVA, and P values were calculated using the unpaired Student's t test.
